The fracture resistance of a commercial TiB 2 particle/SiC matrix composite was evaluated at temperatures ranging from 20 to 1400&deg;C. A laser interferometric strain gage (LISG) was used to continuously monitor the crack mouth opening displacement (CMOD) of the chevron-notched and straight-notched, three-point bend specimens used. Crack growth resistance curves (R-curves) were determined from the load versus displacement curves and displacement calibrations. Fracture toughness, work-of-fracture, and R-curve levels were found to decrease with increasing temperature. Microstructure, fracture surface, and oxidation coat were examined to explain the fracture behavior.
INTRODUCTION ELEVATED
TEMPERATURE APPLICATIONS, such as components of advanced heat engines (References [1] [2] [3] ), require advanced ceramic materials because of their high temperature strengths, resistances to thermal shock, low densities, low *Currently an invited researcher. thermal conductivities, and corrosion resistances. They are traditionally considered to be brittle materials at room temperature; however, at elevated temperatures, various mechanical properties may be expected to change (e.g., K,~ or R-curves may vary with temperature). Since the required applications of ceramics are at elevated temperature, the fracture resistance of these materials must be determined as a function of temperature.
A commercial 16 vol. % TiB2 particle/SiC matrix composite** was investigated for its fracture resistance at elevated temperatures. It is a ceramic material that can be easily machined using electric discharge methods (References [4, 5] Previous studies of this composite material (References [6, 7] [8, 9] ). These results show that the fracture toughness, work-of-fracture, and crack growth resistance definitely depend on temperature over the range of 20 to 1400 ° C, with this temperature dependence being related to thermally activated mechanisms in the microstructure.
TEST SPECIMENS AND PROCEDURES

Specimens
Three chevron-notched and three straight-notched, three-point bend specimens were tested from 20 to 1400 ° C in 200 ° C increments. All specimens were 6.36 by 6.36 by 50 mm with a loading span of 40 mm. Figure 2 shows the specimen types and symbols.
The initial notch depth ratios, «o = ao / W, were 0.44 and 0.50 for the chevronnotches and the straight-notches, respectively. The notches were machined with a rotating, diamond-tipped saw blade which produced a notch width of 0.300 mm. perature. However, sustained stable crack growth was consistently observed for the chevron-notched specimens. This latter stable crack growth occasionally followed a small, unstable crack initiation. Figure 3 illustrates representative load versus CMOD test records for both specimen types. Apparent fracture toughness values for the chevron-notched specimens were calculated from the maximum load and minimum stress intensity factor coeffi- [12] ) for the stress intensity factor coefhcient, Y*, for the chevron-notched, threepoint bend specimen. Apparent fracture toughness values for the straight-notched specimens were calculated from the maximum load and the relationships of Tada et al. (Reference [13] ) for the stress intensity factor coefhcient.
The apparent fracture toughnesses obtained are shown in Figure 4 . The values from the chevron-notched specimens are lower than those of the straight-notched specimens because geometry of the chevron-notch prevents overloading and provides stable crack extension. Overloading is prevented by the stress concentration at the chevron tip, while the stability is due to the simultaneous increase in compliance and crack front length with crack extension for chevron-notch geometry. As a result of this stable growth (Reference [12] ), reliable work-of-fracture values and crack growth resistance curves can be obtained using the chevron-notched specimen.
The apparent fracture toughness determined from the chevron-notched specimen better represents fracture behavior of a sharp crack than the relatively blunt notch tip of the straight-notched specimen. The scatter bands of the straightnotched specimen fracture toughness data indicate the difficulties of obtaining consistent and controlled crack initiation in this material.
The fracture toughness results of this study and those of previous studies of similar TiB2 particle/SiC matrix composites are compared in Table 3 . The insensitivity of the straight-notched specimens to temperature can be explained in terms of the effects of temperature on strength. The strength of this composite is nearly independent of temperature to 1200 ° C (Reference [7] [15] ).
Work of Fracture
The work-of-fracture is calculated by dividing the area under the load versus load point displacement curve by the fracture surface area, which is twice the total projected area of one fracture face. A schematic of the calculation of the work-of-fracture, after Nakayama (Reference [16] ) and Tattersall and Tappin (Reference [17] ), is shown in Figure 5 .
Relationships between the CMOD and the load point displacement (LPD) from Figure 6 .
Crack Growth Resistance
The R-curves were developed from the stable crack growth regions of the load versus CMOD plots of the chevron-notched specimens and CMOD compliance versus crack length relations (Reference [12] ). Figure 7 shows a schematic of the calculation of the effective crack length during stable crack growth using the compliance technique. The unloading slopes were assumed to return to zero displacement and load.
The effective crack lengths and the load history were used to calculate the change in the total strain energy for an incremental crack extension such that:
where G is the strain energy release rate, A U is the change in the total strain energy, and AA is the incremental change in the fractured area. This procedure is shown schematically in Figure 8 . The final GR-curve for each temperature is shown in Figure 9 . These curves were produced from linear least square fits of the three individual R-curves determined at each temperature. The toughening mechanisms due to the TiB2 particles in the alpha SiC matrix apparently become less effective at elevated temperatures since the 1200 and 1400 ° C R-curves fall in Figure 9 . G R-curves for TiB~lSiC tested at various temperatures. the same range as the R-curves for a monolithic sintered alpha SiC $ (Reference [19] Figure 12 . It is apparent that the room temperature crack extension occurs by the linking of groups of TiBz particles, and that a deviation of the crack path results. This interaction may be the result of TiB2 particle groups perturbing the applied stress field and attracting the macrocrack tip. As the temperature is increased the effect is relieved and the particles have less influence. The temperature dependence of this crack extension mechanism is The increased toughness of this material has previously been attributed to crack deflection and the compressive component of residual stress associated with the particle/matrix interface (Reference [6] ). It should be noted, however, that similar isostatic components of tensile residual stress exist (Q, = Qr = 260 MPa, References [21] and [22] ) within the particle. Outside the particle/matrix interface, radial (tensile) and tangential (compressive) stresses exist. The significance of these tensile components of stress is supported by Figures 13(a) to (c) which show cracking of the particles and the surrounding matrix at low temperatures, and the deformational separation of the particles from the matrix at high temperatures. The particle separation is not readily visible using the secondary electron mode, however, the backscattered electron mode clearly delineates the particles and cracks. On the basis of this fractography, a plausible explanation for crack path deviations and increased toughness of the material is the development of microcracks at the particle/matrix interface. Groups of microcracked interfaces would attract the macrocrack tip and cause formation of the ridges (crack path deviations). Further, the microcracks would also redistribute the stresses around the macrocrack tip at low temperatures but would fail to do so at high temperatures because the residual stresses, which should enhance microcracking, are relieved. The ineffectiveness of the particles to influence the crack path at high temperature is evidenced by the smooth fracture topography of Figure   11 (b) .
Oxidation
The maximum exposure time of the test samples to the elevated temperatures was approximately 1 hr. To the unaided eye the surface oxidation is a fine white coating on the 800 and 1000°C test samples, and a rough greenish-white coating on the 1400 ° C test samples. At higher magnifications the oxidation product appears as bubbles of glass which contain a white polycrystalline phase. The oxidation coat varies from a layer of 5 to 10 xm particles at 800°C to a nearly continuous 25 xm layer at 1400°C. Beneath the oxide layer of specimens tested at 1400°C, the material was attacked to a depth of 25 xm. Interconnected porosity extended into the specimens, as shown in Figure 14 . X-ray analysis of the oxide surface layer showed diffraction peaks corresponding to rutile, Ti02, along with a single broad band indicative of glassy Si02.
CONCLUSIONS
The fracture resistance of this TiB2 particle/SiC matrix composite shows temperature dependence to 1400°C. Flat R-Curves exist at all temperatures, indicating a constant resistance to fracture. The second phase additives increase the R-curve level by forming microcracks which influence the crack path through the material. However, the particles do not impart increasing crack growth resistance to monolithic SiC. The effect of second phase additions on crack trajectory and R-curve level is reduced with temperature.
Chevron-notched specimens produce sharp, real cracks and provide the means for studying controlled, stable crack growth behavior in nominally brittle materials. The present test technique, using chevron-notch specimens and the laser interferometric strain gage, illustrates the effects of temperature and second phase constituents (e.g., TiB2) on R-curve behavior.
